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INTRODUCTION

Nuclear Magnetic Resonance (NMR) has long been a useful tool for physicists and

chemists of all types. Until about 1970, NMR in solids wss characterized by broad lima and

poor sensitivity with the consequence that most studies involved the analysis of relaxation

times and second moments to obtain essentially physical information. At that time, John

Waugh’s research group at MIT mad~ several significant advances whi:h ushered in “high

resolution~ NMR of solid materials. Specifically, they introduced multipulse homonuclear

decoupling &hemes which apply to dense spin system e.g. protons in orgmic aolids2’a.

These schemes will not be discussed at this symposium but relevant to this discussion,

they combined a variety of cross polarization techniques due to Hartrrmnn and Hahn’

and others with high power proton decoupling which had been demonstrated by Blochs

and Sarles and Cottse, resulting in intermediate resolution spectra of dilute spins in a

bath of protons. They also suggested the application of magic angle sample spinning, a

technique which had been used by Andrew’ and Lowee to diminish homonuclear dipole

coupling, to the c“ ms polarization-proton decoupled spectra to eliminate the chemical

shift anisotropy 9– 11. lt w= not until 1973 that Stejskal and Schaefer 12, Garrowayla, and

Lippmaa14 independently demonstrated the advantages of the combination of all of these

techniques to the NMR of organic solids. The result is high resolution spectroscopy of a

variety of spin 1/2 nuclei (primarily 13C, 16N, 29Si, and 31P) in many different types of

solid materials. There are a nurnbcr of excellent texts and review articles to which the

reader is rcfcrrcd for detailed information about the technique* G-23.

The advent of commercial spectrometers capable of ruutinc high resolution solid state

NMR has resulted in a proliferation of publications in the field. l’hc promise has km held

forth of an accurate means to obtain quantitative information about the chcrnical nature of

carbon in a large numkr of hctcrogcncous intractal)lc organic materials, including a variety

of organic gcochwnic~l~. Unfortunalcly, the cross polarizutitm Wchniquc i~ normally not
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an equilibrium technique, consequently the intensity of the signals obtained is a function

of several relaxation times, experimentally applied delayfi, and pulses. There have been a

number of papers which have addressed the problem of quantification of cross polarization

spectra from model compounds to heterogeneous

It is the intention of ~this paper to point to

mixture3*l’24-2e.

some of the problems due to molecular

motion and to suggest a few solutions to those problems. A few examples will be presented

of model systems which demonstrate the efkcts of motion on the NMR spectroscopy and a

very qualitative example of severe spectral distortion in fulvic acids will be shown. In the

following discussions we will use concepts derived from the oft repeated thermodynamic

picture shown in figure I. When dealing with a homogeneous, pure compound this pic-

ture is sufficient but in a heterogeneous mixture, it is likely that there will be different

compounds and different domains all with slightly different versions of figure 1 with poor

thermodynamic contact between thcm. Thus optimal conditions for cross polarization in

one

ally

domain may be totally inappropriate for another.

The following discussion will be directed towards 13C NMR of organic solids, gener-

with high power proton decoupling, magic angle sample spinning (MAS), and cross

polarization (CP). Consequently the abundant spins will be designated as I or 1[{ inter-

changeably and the dilute spins as S or 13C. There may be some very subtle d iffercnces

if one were to consider the details of high resolution NMR of one of the other spin 1/2

nuclei in the solid. We will neglect quadrupokr nuclei und couplings between ~pin 1/2

nuc]ci and quadrupolar nuclei, The model interactions to IN discumcd arc: chemical cx-

changc, the cfrcct of motion cm high power proton decoupling, incomplete averaging of the

chemical shift anisotropy, the cfructs of motion on the relaxation times TIS and T)fl, and

a discussion of the effects of motion On tho overall cross polarization dynamics, in uach

c.aac a Ascription of the theory in phy~icd tcrlns will hc prcscntcd, followed by a spec-

troscopic cxarnplc, ‘1’lw diwuwitm will bc qumlitativc rather than rigorous, l“or coniplch!

:!
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mathematical descriptions of the theory, the reader is referred h one of the monographs

on NMR of solids, one of the review articles, or the original publications cited.

CHEMICAL EXCHANGE

Hahn and Maxwell first used NMR to mc~ure chemical exchange processes in liquids2g.

Since then there have been a variety Gf techniques used to elucidate exchange networks

and determine rate constants 30131. The ciassic experiments involve following the broad-

ening and coal~cence of two NMR pea.lw as temperature is increased (exchange rate is

increased) 32. There have been several studies of chemical exchange in solids in which the

same type of behavior has been observed 33-36. Figure 2 shows the cross polarization magic

angle sample spinning (CP MAS) spectra of phthalocyanine m a function of temperature.

The process being monitored is the double proton exchange shown in figure 3. In the

lowest spectrum (33o K) there is an exchange narrowed peak at about 145 ppm which is

the coalescence of two peaks in the upper spectrum at about 1SS and 135 ppm. In the

upper spectrum (180 K) the chemical exchange is frozen out by the low temperature. In

order to sort out the details of this chemical exchange, it was necessary to resort to two

37 The peaks noted are due to carbons a and a’ in thedimensional NMR spectroscopy .

structures of figure 3. In principal, there are similar effects for all of the carbons in th;s

molecule but they can only be observed for carbons a and b, the shifts between c and c’

and d and d‘ arc not even resolved in the 2-D spectrum.

AS far aa the quantification of CID MAS spectra is conccrncd, the interesting spectrum

is the middle onc of the series (240 K). In this spcctlum, the intensity duc to carbon a is

virtually lost by virtue of cxc}umgc broadening. Similar proton cxchangcs or even more

cmnplicatcd cxc.hangc proccssca may bc prwcnt in any given sarnplc and consequently

spwtral intensity in any dynamic Hystcm nmy bc lost through Cxctlililgc lxoadcning.
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As an aside, we would like to point out that the spectra in the non exchanging (180

K) and exchange narrowed (33o K) spectra must be fit with a Gaussian line shape because

they are undoubtedly due to a dispersion of chemical shifts. (The line width in the majority

of solid state NMR spectra is determined by a dispersion in chemical shifts, not by T2,

therefore the line shape is not cleanly defined but is much closer to a Gaussian than a

Lorentizim.) The exchange broadened spectra, on the other hand are Lorentzian because

the line shape is determined by the exchange. It is also worth mentioning that there are

subtle interactions between the chemical exchange and the spinning when the spinning

speed and exchange rate are equa13s. These interactions may produce very distorted

spectra. We have calculated such spectra for chemically exchanging systems in very limited

cases and it is clear that simple McConnei! exchange theory is inappropriate. However the

errors in estimated rate constants are probably no greater than 10% except in unusual

cases.

PROTON DECOUPLING

Molecular motion can defeat the effects of proton decoupling, resulting in extremely

broad lines. Qualitatively, this effect can be understood au follows: In the absence of proton

decoupling, each carbon is dipole-dipole coupled to every proximate proton. That coupling

produces a shift in the carbon resonance, dependent upon the distance and the ungle

between the C-II internuclear vector and no. In most organic. solids, the proton density is

great enough that there is strong ~oupling between the individual protons and mutual spin

flips (spin exchange) 1. The resnllt of this physical nituation is a broad carbon resonance.

The application of high power proton decoupling is a cohcrcn! averaging phenomenon

s 0 Effectively, the proton momentswhich essentially reduces t.hc C-Ii dipole interaction I .

arc rotated coherently about the decoupling iicld, B 1. If, during that rotation there is

~



a molecular motion which changes the orientation of the C-H vector it will act to undo

39 In the context of relaxation theories, when motion has an inversethe aveiqging effect .

correlation time equal to the interaction the relsxdion is most effective. In the case

of proton decoupling, molecular motion with an inverse correlation time equal to the

decoupling field strength (expressed in frequency units) will have mrucimal effect increasing

the linewidth ie. if l/TC = qB1. Linewidth contributions from molecular motion have been

discussed in the literature and equations presented for the relaxation

of the C-H s~ond moment and the spectral density of motion17’40’41.

out that for “normal” experimental r.onditions, isotropic motion with

expected in terms

The authors point

a correlation time

of 70 pa results in a Iinewidth of 3.7 kHz41. This is clearly capable of causing a high

resolution peak to ‘disappearm into the baseline. Usually, motion in solids is not isotropic

and consequently line widths of this predicted magnitude are not usually seen but effects an

order of magnitude smaller are sufficient to cause probleti. Figure 4 neatly demonstrates

the effects of motion on decoupling in polyethylene oxide (PEO). The upper spectrum is a

cross polarization spectrum with MAS at room temperature and the central spectrum was

taken under the same conditions except without MAS. Both of these spectra are rather

broad, the line shape of the MAS spectrum is neither Lorentzian nor Gaussian and the

shape of the non-spinning line is not the well resolved pattern characteristic of a chemical

~hift tensor. The lower trace was taken under the same conditiom as figure 4 A except

that the temperature waa lowel ed to ss –45° C. At low temperature, the motion haa

been slowed to frequencies lower than 70 kIIz or so and decoupling is now more cffectivc,

resulting in a slightly narrower spectr~! Iinc but with a much clearer defined Gaussian

line shape due to a dispersion of chemical si~~fts in the sample. In addition, the cross

polarization is much more e~cient, resulting in much better signal to noise. (This will be

discussed in detail below.)

in contrast to the above, vgry, rapid motion can rcducc the C-11 dipcdc coupling
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resulting in a self decoupling. This will have the effect of giving relatively narrow 13C

lines with no decoupling field. This e!fect may be noted in figure 5 which is the CP MAS

spectra of adamantane with and without high power proton decoupling. As is well known,

adamantane is a relatively spherical molecule which tumbles rapidly and isotropically in

the lattice site’z”s. The result of this motion is that the carbons are decoupled from the

intramolecular protons and the remaining broadening in the coupled spectrum is due to

intermolecular C-H interactions which are relatively weak because of the separation and

the r-s dependence. The full width at half maximum of 100 Hz seen in the proton coupled

spectrum in figure s is acceptably narrow when compared to most 13C spectra in solids,

it only looks broad when compared to the abnormally narrbw spectrum for decoupled

adamantane. Another well known example of self decoupling may be seen in the m called

dipolar deph~ing experiments” where methyl (-CHS) groups behave in a fashion similar

45 In this experiment, one relies on the linewidth in the presenceto Quarternary carbons .

of C-H coupling to destroy transverse magnetization. Since methyl groups usually exhibit

propeller rotation, the C-H dipole interaction is severely attenuated and methyl

magnetization remains even after relatively long interruptions of decoupling.

transverse

CHEMICAL SHIFT

1’

/

ANISOTROPY

Molecular motion may affect MAS spectra through interactions with the chemical shift

anisotropy. Conceptually, this is similar to motional line broadening interacticms with the

proton decoupling’a. Qualitatively, magic angle sample spinning is a coherent means of

averaging the chemical shift tensor to itd isotropic value and incoherent molecular motions

serve to destroy that averaging. First, wc must recall that MAS does not produce an

isotropic ~ystcm but only causes the magnetization to refocus at the end of each rotor

period, eliminating tlw anisotropy in the chemical shift. Magic angle sample spinning is

7
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much like a Carr-Purce1147 echo train in that there is a real refocusing of the magnetization

and it is possible to Fourier transform the echoes resulting in a high resolution spectrum.

In the Carr-Purcell sequence, the chemical shift is refocused but under MAS, it is the

anisotropy in the shift that gets refocused. This concept is expressed very schematically

in figure 6 Ift during the rotor period, a molecule changea its orientation the chemical

shift of the affected carbon will change from one instantaneous value to a different value,

ie. the spin will join a different isochromat. Consequently, that particular spin will no

longer refocW, the echo amplitude illustrated in figure 6 C will be diminished, resulting in

a shorter %pun free induction decay~ which when Fourier transformed will give a broader

13C resonance. In a simiiar fsshion to the effect of motion on decoupling, the loss of

refocusing is mm,t pronounced when the frequency of motion (l/rC) is equal to the spinner

frequency. This effect is rather subtle and has only been effectively demonstrated in a few

publications40’4s. This type of motional line broadening will be most pronounced when

the shift anisotropy is large and the motions cause large jumps within that anisotropy.

There is a very similar phenomenon; studied by Veeman and coworkers which can be

demonstrated in two dimensional exchange spectra. They used a specialized version of the

chemical exchange 2-D experiment in which the mixing time is equal to an integral number

of rotor periods 49. In the absence of motion there are no cross peaks between spinning

sidebands and the centerband. Such cross peaks appeti only when there is motion at

the spinner frequency. This experiment can be exploited to obtain information about the

spectral density of motion at very low frequencies but it would have no significant effect

upon a ‘normaln CP or 1310ch decay spectrum.

Although these are very interesting effects of molecular motion, they have only slight

broadening effects and would probably be mostly unnoticed in 13C spectroscopy of organic

gcochcmicals. However, these effects may be exploited if the researcher begim to ask more

complicated quest ions about the details of molecu Iar dynamics in complex heterogeneous
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systems.

CROSS RELAXATION TIMES (TM)

There are a number of publications in the literature which deal with cross polarization

spin dynamics. Waugh and coworkers concerned thernaelves with the detailed theory for

static systems 10’25 and later Cheung and Yaris26 extended the theory to dynamic sys-

tems. In order to obtain accurate information about C-H couplings or detailed motional

parameters, it is necessary to delve into the details of the theory. Since this discussion

is primarily concerned with motional effects on spectroscopic parameters, it is sufficient

to refer to fig~e 1 and note that there is a rate constant, I/TIs which describes the rate
.

of transfer of magnetization from the proton bath to the carbon spins. That rate con-

stant is proportional to the strength of the C-H coupling. Although magnetization can be

transferred via the indirect (J) couplingbo, most solid state CP spectroscopy relies on the

dipole-dipole interaction. In the simplest analysis, the C-H dipole interaction is attenuated

by molecular motion. Consequently the value of T1s increases with molecular motion and

with isotropy of that motion. There are several limiting cases which are worth discussing

in some detail. First, in the limit of no motion, Tls is dependent upon the number and

proximity of protons so a methyl carbon would be expected to have a much shorter cross

relaxation time than a methine carbon. Intermolecular cross polarization is attenuated by

the distance, but can provide a significant contribution simply because of the large number

of neighbors possible and in specific csses intermolecular C-H distance may be very short,

eg. in stacked benzene ring systems. If the motion is very faat but anisotropic, the dipole

interaction will be attenuated but may still be quite significant depending on the details of

the averaging of the dipole tensors. IrJthe case of rapid, isotropic motion, the intramolecu-

lar C-H dipole coupling will vanish but intermolecular coupling may be strong enough have

9



a value of T1s short enough for cross polarization. The prime example of this behavior is

adamantane at room temperature. Although there is no intramolecular cross polarization,

the intermolecuhu C-H interaction is strong enough to result in a T1s of about 1 s fcir usual

experimental conditions which makes cross polarization difficult but possible43. Finally,

in the limit of isotropic rotation with translational motion, the C-H dipole interaction will

vanish over the time scale of tens of p.s and there will be no cross polarization through the

dipole interaction. In this limit, although the sample may appear to be solid to a caaual

observer, to the NMR spectroscopist it is a “liquid”. In exceptional cases (an extremely

stable spectrometer, very accurate adjustment of the Hartmann-Hahn matching condition,

and long contact times) carbon magnetization may be obtained through the J cross polar-

i~ation mechanism even under conditions of rapid motion because the J coupling tensor

hsa a u~--zero average with motion. To date, this type of magnetization transfer has not

been documented in solids although it is quite useful in liquid state NMR spectroscopy.

In summary, molecular motion will usually lengthen the value of T1s relative to static

systems and this can be accommodated in a normal cross polarization experiment through

lengthening the contact time. Trade offs of this solution and greater details of cross

polarization dynamics are presented below.

ROTATING FRAME RELAXATION (TIP)

The “standard” spin lock cross polarization experiment with matched rf field strengths

involves both proton and carbon rotating frame magnetization. First, spin locked proton

magnetization is generated, qua ,ltized along the proton rf field, In spin thermodynamic

terms this is an ordered system which is equivalent to cooling the proton spin bath51.

Then the cross polarization contact is made during which time the carbon bath is cooled,

hopefully to match the proton spin temperature. This hsa the effect of creating carbon

10



_eti=tion, spin Ioc.kd along the laC rf field. During any spin lock, the magnetization

is formally quantized along the rf field and will decay with a chmacterintic time constant,.

TIP or the rotating frame T1. This relaxation can be thought of as wmming the spin

locked spin bath. In general, the TIP of both the I and S spins contribute to the loss of

magnetization during the cross polarization contact but usually TIP( 13C) is much longer

than TIP(*H) so it is only proton relaxation that is usually considered. There are exceptions

to this rule, in cases where the lSC line width is very broad and dominated by motion,

it is possible. that the carbon relaxation is the primary contributor 52,59. For a complete

discussion of cross p,t!arization dynamics, the reader is referred to one of the excellent
.-

publications on the subject.

Since TIP(lH) Is a relaxation time, it will be affected by molecular motion and as

mentioned several times above, motion at the frequency of the interaction will have maxi-

mal efficiency in shortening T Ir. The motional frequency of interest is the intensity of the

“ Note that this is ii.e spin lockingspin locking rf field expressed in frequency units, 7B 1 .

field during the cross pularizatic., ~ontact. In some canes the experimenter may change

the B1 strength after cross polarization, using a different intensity for proton decoupling.

For the mqjority of cross polarization experiments this is between 30 and 80 kHz or rel-

atively low frequency motion. In most solids mol~ ‘II“.r motions will serve to shorten the

proton TIP. This will have the effectof reducing cross polarization efficiency or entirely

eliminating cross polarization. Since TIP’s may be much less than t! millisecond, during

a normal contact of 1-5 m the proton bath will warm up and begin to warm the 13C

bath which will destroy 13C magnet izat ion created at the very beginning of the contact.

Referring to figure 1 and the timing of a spin lock cross polarization cxpcrimcnt, at the

start of Cl’ the proton reservoir is cold, thc Cl) contact is made and heat flows from the

carbons to the protons. After some time of the order of ‘1’lP( 1H), the proton bath will havr

warmed up duc to this relaxation and heat will begin to flow back into the carbons at a

II



rate determined by I/TIs. After times much greater than TIP(l H) both the carbon and

the proton systems will reach lattice temperature and all magnetization will be destroyed.

In the limit of ve rv fast motion, TIP(l H) may get quite long, i.e. areme narrowing.

This is the case with adamantane, where although Tls haa beet lengthened by motion,

the TIP’s are so long that some cross polarization can be obtained with long contact times

(>10 ins). The signal intensity versus relaxation times will be discwsed in the following

section cm overall spin dynamics.

It should also be mentioned that although TIP is written as a spin lattice relaxation

time, if the -yB1 is not very large there can be motional contributions which produce strong

spin-spin character in TIP. This is especially significant in complex oamplea where there

may be pararnagnets which may act as a sink for magnetization and proton-proton flip

flops will act as a mechanism of transporting magnetization to the paramagnets resulting

in a very short TIP(l H).

Figure 7 demonstrates an interesting and significant expression of the effects of rotat-

ing frame relaxation on a 13C cross polarization spectrum. The spectra are of polyethylene

oxide which is a primarily noncrystalline polymer with a spec~rum of motiomd frequencies

in the tens to hundreds of kHz rangcG5. The upper trace (A) is the spectrum obtained

with matched 3S kHz *Ii and ‘3C rf fields and the lower trace was obtained under idcnt i-

cal conditions except that the rf fields were incrcascd to 76 kHz. There were 4 times the

number of scans taken for the upper ~pcctrum but other than that they arc normalized

to equal intensities i.e. there is more than four times the intensity in the Iowcr spectrum,

At room tcmpcraturc, the relaxation is near the ‘rl P minimum. My increasing ?Ll 1, l’lfl i~

incrcsacd and mom polarization in more cffectivc. There is also a deocrimination favoring

ra;]id motions at the higher q]] I and signal hm been gained from portions of the sample

with relatively dmrt ‘1’2’s (amorphous rcgion~) resulting in a very broad lmsc in the Iowcr
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spectrum. The rather odd line shapes seen in this figure and in figure 4 are the result

of a distribution of chemical shifts, incomplete proton decoupling, and a distribution of.

motional frequencies. This example suggests that one way to alleviate problems due to

short TIP’s is to use very high rf fields.

In the iinal analysis,

OVERALL SPIN DYNAMICS

what are the overall effects of molecular motion on the spin

dynamics which are critical to generating signal in spin lock cross polarization experiments?

Figure 8 shows three plots of signal intensity versus cross polarization contact time for three

different combinations of cross relaxation time T1s and proton TIP. The dotted line is the

caae of very long T 1~ and short T19. Under these conditions, the carbon signal intensity

is generated quickly, before the proton spins %varm Upn. The carbon intensity will be

maximal and the value selected for the contact time is not critical to obtaining quantitative

1sC intensity. The solid line represents the more usual case where the two relaxation times

are similar enough that if the contact time is selected carefully, quantitative intensity

may bc obtained but there is a relatively narrow window of contact times which will be

qumtitative. The dashed Iinc rcpreaents the final extreme, where the TIP( 1H) is relatively

short compared to the T [s and it is not possible to get complete cross polarization before

the magnetization decays back into the rapidly relaxing proton swhcm.

hl a pure solid with no phsac separations, the 13C signal intensity will follow a curve

much Iikc cmc of the above. Onc expccb that the proton TI ~ will bc constant throughout

the sample and that Tls may vary irom carbon to carbon duc to proximity to protons ie.

Quarternary carbons may have Iongcr ‘l’lS’s than mcthylcnc carbons. Molecular motion

will weaken the C-l! dipolar coupling which is the machanimn for cross relaxation and it

will cause ‘I’I~ ( *11) to shorten resulting ill a curve which approaches the daahcd Iinc in

I3
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figure 8. If the system were homogeneous, this would be a problem only in that the signal

to noise would be attenuated by the incomplete crow polarization. Unfortunately, in most

natural products homogeneity is the exception rather than the rule and one ususally finds

small domains with differing mobilitiez. There is generally poor thermal contact between

the protons in different domainz resulting in different TIP(l H)’s for the different regions.

In addition there will be differences in T19 from carbon to carbon in a single domain as

well as differences due to varying mobility between domains. The result is that there may

be excellent ~ross polarization in one domain while it is weak or nonexistent in another.

A nice example of this effect can be seen in corn seeds where the starch is fairly rigid and

cross polarizes nicely while the corn oils are mobile and probably in small pockets and will

not cross polarize at allse. Figure 9 is two room temperature spectra of intact corn seeds.

The upper spectrum is the Fourier transform of a Bloch decay with MAS and high power

proton decoupling. (.i Bloch decay is the free induction signal resulting after a x/2 pulse or

some other flip angle which generates xy magnetization in the spins to be observed’.) The

ciclay time between pulses was too short for adequate 19C longitudinal rchaxat ion in the

rigid starch so the carbohydrate signals are somewha~ attenuated5s Hmvevcr, the sharp

aliphatic peaks for the oils stand out quite nicely. The lower spectrum is the same sample

but the magnetization waa g wcratcd via cross polarization. In this case the signals duc

to the oils arc virtually absent. In the context of figure 8, the starch molcculcs correspond

to a systl~m which follows a curve much Iikc number 1 and the oils urc more extreme than

c.urvc numlmr 3,

A FIJLV1(; A(;ID EXA Ml’Lit



investigation of several fulvic acids which indicates that motional effects may dominate the

spectra5*. The rationale for this study was an inability to obtain solid and solution NMR

spectra of fulvic acids which agreed in overall spectral shape. The solution spectra were

acquired with long delays between pulses and it was believed that they were correct which

called into question the accuracy of the cross polarization spectra. The sample discussed

here is an Armadale fulvic acid which was Iyophiiized and appeared quite dry. Figure

10 contains three spectra of the sample taken under different experimental conditions.

The bottom opectrum (C) is a cross polarization spectrum taken at room temperature.

The central sectrum is the Fourier transform of a Bloch decay taken with a recycle time

of 3.0 s. It is probable that this recycle time is too short to get full T 1 relaxation so

the spectrum is probably distorted but it serves to demonstrate that there is significant

intensity missing m the low field portion of spectrum C. The upper spectrum (A) is a cross

polarization spectrum taken under virtually identical conditiom as spectrum C except that

the temperature was lowered to s –55° C. There are two significant observations to be

made, First, the relative intensities in different portions of the spectrum nearly match

those obtained in careful solution NMR experiments. Second, the signal to noise in the

aliphatic region of the spectrum is ~ proximately 4 times better than in the same spectral

region of ihe cross polarization spectrum at room temperature. The reason for both of

these dif~crcnces is that molecular motion at room tempel ature has both shortened T 1P

and Icngthcncd Tls so thf magnetization is following a curve much like curve 3 in figure

8. By cooling the sample the motion has apparently been frozen out resulting in both

kngcr T lP’s and ohortcr ‘I’ls‘Hso the mag]lcti~ation i~ foliowing a curve bctwccn curves

I and 2. The ciignal to noim improvement results from cflicicnt cross polarization with

n crm~ polarization enhanmmcnt of close to the factor of four cxpuctcd. Wc haw not

invcstigntcd the details of the mokcular ndicm in this sample, nor h~vc wc pcrfornlcd u

vurinldc twnpcruturc otudy to dctcrnlinc wlwthcr all aignilicant motion cmucs at t.hc HILIIIC

l.wlllwrl~turo or whcthor thnro m! m Horios of dilrcrmt nctivntion mcr~ics for Ilwlccuhlr

15



motion in this sample. The intention of this experiment was simply to get a spectrum in

which the relative carbon intensities truly reflected the concentration of the carbon species

in the sample for accurate quantitative analysis.

EXPERIMENTAL DIRECTIONS

There are several experimental solutions to many of the problems in cross polarization

13C NMR which have been suggested in the discussion above. Very high ~B1’s for both

cross polarization contacts and proton decoupling will aid in lengthening TIP’s as well

as ameliorating the problems of line broadening due to inability to adequately decouple

protons. It is relatively easy to obtain very high powered rf amplifiers and generate the

needed rf levels but it is more difficult to build probes capable of handling these rf levels.

In any csae, if heating and probe arcing can be controlled, larger El fields are almost

always an advantage. A second possible solution to motional problems is to resort to

Illoch decays as a method of generating magnetization. This suffers due to a loss of the

theoretical cnhanccmcnt of four from cross polarization but as seen above, that gain may

not bc realized when molecular motion rr,akcs a Iargc contribution to the spectrum. A more

significant problcm is the fact that the carbon ‘l’l’s may vary through the sample and in

order to get a quantitatively accurate npcctrum it is necessary to wait several ‘1’1‘s which

in a solid could k hundreds nf ucconds, Another solution is to take a series of spc~tra

of the tiamc wmlplc as a function of crom polarization contact titnc and gcncratc curvm

cquivaicnt to those in Iigurc 8 which r,an bc computer lit with the equilibrium intcnaity

WIonc of the ImrtuiwtcrH, ‘1’lliRiMa tcdiou~ procwm requiring at kast 1(I point~ pcr curve

to dctornlinc ‘1’I,,, ‘1’[s, IiIl(l intcn:iity. It mlsu Hillh!r~ I)oc.nusc there arc clearly mmplm

fur WI]ich no crow polarizut.ion can Ix! ol)hinml Huch w th oil ill the corn Hcmh rdmvc.

Fillmlly, th Ilwt I)rw:ticml flolution tu motionul prolhm i~ to Htop thu nmtion through

10



variable temperature CP spectroscopy. At present it is possible to purchase nominally

variable temperature probes from several manufacturers which will conveniently reach

temperature around -80° C. There are two significant experimental difficulties. First, the

probe tuning varies seriously with temperature and must be carefully rematched when the

temperature is changed and the temperature must be relatively stable over the time of

the cross polarization experiment. Secondly, proton T1’s usually lengthen with decreasing

temperature so one must be cautious to use a repetition time commensurate with the

relaxation time. For this it will be necessary to perform variable temperature studiw of

“generic” samples to get a qualitative idea of the optimal temperature and recycle time.

Finally, the “problem” of quantification of solid state NMR spectra is no longer a

serious problem. The technique is mature enough and the magnetic phenomena are well

enough understood that with some care it should be possible to be good data on most

samples. ‘l’he challenge is now to use the ‘complicationsn to the experimenter’s advantage

to obtain more information, For example determining the frequencies and amplitudes of

motion for difrerent domains of humic materials and including that information in the

structural mcdcl to get a truly self consistent picture of the overall structure,
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FIGURE CAPTIONS

&GURE 1: A thermodynamic picture of cross polarization spin dynamics. The carbon

and proton ~pin reservoirs may rel~ to the lattice temperature with time constants T1

and TIP. The cross polarisation contact is established by opening the Ave pictured and

proceeds w:+h tke time constant T1s. .

~GURE 2: A series of % m~gic angle sample spinning spectra of phthalocyanine taken

....
, as a funciion of temperature to demonstrate the chemical exchange pictured in figure 3.

FIGU,E E 3: The double proton jump in pthalocyanine.

FIGURE 4: Three cross polarization magic angle sample spiming spectra of polyethylene

oxide. The upper spectrum (A) was taken with magic angle sample spinning at room

temperature. The middle spectrum (B) was taken with no spinning at room temperature

and the bottom spectrum (C) was taken with M.AS at FS-45° C.

FIGURE~:

power proton

~IGURE 6:

Two cross polarization spectra of adarnantane taken with and without high

decoupling.

The time development of chemical shifts and magnetization with magic angle

sample spinning. The left

single spin would develop

portion of the figure demonstrates how the chemical shift of a

with MAS. The right portion demonstrates how under static

22



conditions, destructive interferences due to differences in chemical shift causea the total

magnetization to decay rapidly. Under the action of MAS, the chemical shifts all return.

to their original value at the end of each rotor period resulting in a refocusing.

FIGUIUEE Cross polarization spectra of polyethylene oxide taken with magic angle

sample spinning. The top spectrum (A) was tden with 33 kHz matched lH and 13C

rf fields (qBl ) for the cross polarization contact followed by proton decoupling with the

same field strength. The lower spectrum (B) was taken of the same sample under identical

conditions &cept that the rf fields were increased to 68 kHz.

FIGURE 8: The 13C signal intensity as a function of cross polarization contact time for

three different idealized combinations of TIP(l H) and T1s. The dotted curve (1) represents

the case of very short T1s and long TIP. The solid curve (2) represents the csae of TIP

somewhat longer than T1s anti the dashed cume (3) the case where TIP is about equ’al to

or somewhat shorter than TIS.

FIGURE 9: Two spectra of intact corn seeds. The upper tipectrum

transformation of a Bloch decay and shows several very sharp peaks

sample. The lower spectrum (B) is the result of cross polarization and

the mobility of the oils prevents them from cross polarizing.

(A) is the Fourier

due to oils in the

demonstrates that

FIGURE ~ Three 13C spectra of Armadale fulvic acid taken under different spectro-

scopic conditions. The upper spectrum (A) is the cross polarization spectrum taken with

a 0.5 s cross polarization contact time with the sample temperature about -56° C. The

middle spectrum (B) is the Fourier transtorm of a Bloch decay taken with a three secona

repetition time between pulscw. The bottom spectrum (C) is a cross polarization spec-

trum taken under the same I:onditions ss spectrum A except that the temperature was

approximate y ’20° C,
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